In this Brief Report we study theoretically the propagation of electron spin polarization through an interface separating two n-type semiconductor regions within the two-component drift-diffusion model in an applied electric field. It is assumed that inhomogeneous spin polarization is created locally by a continuous source of spin polarization and is driven through the boundary by the electric field. The spin polarization distribution is calculated analytically. We find that for specific values of parameters describing the system, the electron spin polarization is accumulated near the interface. A simple analytical expression for the amplitude of spin accumulation as a function of the system parameters is found. The obtained results will be useful in designing new spintronic devices.
INTRODUCTION
Numerous proposals for solid-state devices based on the manipulation of electron 1-10 and nuclear spins [11] [12] [13] [14] have given a renewed impetus to theoretical and experimental investigations of spin-related effects in semiconductors. [15] [16] [17] [18] [19] [20] Operation of a semiconductor spintronic device, analogous, for example, to a Datta-Das transistor, 1 requires efficient spin injection into a semiconductor, spin manipulation, control and transport, and also spin detection. Once injected into a spintronic device, electrons experience spin-dependent interactions with the environment, which cause relaxation. It is of value to understand the mechanisms of electron spin relaxation and find the ways to increase electron spin polarization density.
In our recent paper 2 we have proposed to use an inhomogeneous doping of semiconductors to compress and amplify the spin polarization density. It was shown numerically that a broad pulse of spin polarization can be squeezed and amplified near a boundary separating two differently doped semiconductor regions. The built-in electric field at the boundary accelerates the propagation of the spin polarization through the boundary, if the spin polarization passes from the lowdoped region to high-doped region. Spin amplification occurs past the boundary, within the distance of the order of the depletion layer width. In the present paper we extend our previous research by characterizing the semiconductor regions by two additional parameters besides the doping density: the electron diffusion coefficient and the electron spin relaxation time. The extended set of parameters allows us to describe not only a semiconductor monojunction, but also a semiconductor hetero-junction as well. Neglecting the effect of charge accumulation/redistribution near the interface, we analytically find the electron spin polarization distribution created by a continuous source of spin polarization. The main result of our research, Eq. ͑10͒ below, expresses the spin accumulation amplitude at the interface as a function of the system parameters. Moreover, in the present Brief Report we compare our analytical results with results obtained numerically.
The geometry of the system under investigation is depicted in Fig. 1 . Continuous source of spin polarization is located at xϭx 0 in the left semiconductor region with the doping density N 1 , the electron diffusion coefficient D 1 , and the electron spin relaxation time s f 1 . The right semiconductor region is characterized by the following set of parameters: N 2 , D 2 , and s f 2 , respectively. Under the influence of the applied electric field, the spin polarized carriers drift through the interface located at xϭ0 into the right semiconductor region. We are not specifying the length of these regions, selecting the current as the external control parameter rather than the applied voltage. Moreover, the structure is assumed to be sufficiently thick in transverse directions to allow for one-dimensional electrostatic treatment. In what follows we calculate the distribution of the spin polarization density in such a system.
From the experimental standpoint, non-equilibrium spinpolarization can be created locally in the bulk of a semiconductor, for example, by using ferromagnetic-metal scanning tunneling microscopy tips, 21, 22 or by optical pumping techniques. [23] [24] [25] Alternative spin polarization mechanisms are also possible. 26 -30 In the following sections, we study the propagation of non-equilibrium spin polarization through the boundary between the low-doped and high-doped regions.
MODEL
Our theoretical investigation is based on the twocomponent drift-diffusion model ͑see, e.g., Refs. 31 and 32͒. In our case, the system is described by the following set of equations:
where e is the electron charge,
is the density of spin-up ͑spin-down͒ electrons, the index iϭ1 (2) 
is the usual continuity relation that takes into account spin relaxation and the source of the spin polarization, Eq. ͑2͒ is the expression for the current which includes the drift and diffusion contributions, and Eq. ͑3͒ is the expression for the conductivity. It is assumed that the diffusion coefficient D i and the spin relaxation time s f i are equal for spin-up and spin-down electrons in the same semiconductor region.
To separate the equations for the charge and spin degrees of freedom, we introduce the charge density n i ϭn ↑ i ϩn ↓ i and the spin polarization density P i ϭn ↑ i Ϫn ↓ i . We assume that at room temperature the density of the ionized donors N i is equal to the donor density (N i ϭN 1 for xϽ0 and N i ϭN 2 for xϾ0), i.e., all the donors are ionized. Moreover, we neglect the effect of the electron density redistribution near the interface. We had already studied this effect numerically; 2 the comparison of the numerical solution with analytical solution ͑reported here͒ will be given below. Under such assumptions, the electron densities at both semiconductors are equal to the donor densities.
In our calculations, we use the current j 0 through the sample as the external control parameter. The current as the external control parameter, rather than the applied voltage, is more convenient because the current is constant throughout the electric circuit that contains the sample. If we use the voltage as the external control parameter, we have to take into account voltage drops in different parts of the circuit, such as, for example, at the Schottky barriers between metal and semiconductor. Since we assume that the electron charge density is homogeneous in each semiconductor region, the current does not have the diffusion component and the electric field is simply connected to the current:
From the set of relations ͑1͒-͑3͒, we obtain an equation for the spin polarization density:
Here F(r ជ,t)ϭ͓S ↑ (r ជ,t)ϪS ↓ (r ជ,t)͔/e represents the polarization density created by the external source. For the experimental situation shown in Fig. 1 the function describing the source of spin polarization density is selected in the following form: F(r ជ,t)ϭF 0 ␦(xϪx 0 ), where the constant F 0 measures the spin polarization density created per unit time.
RESULTS AND DISCUSSION
To make our calculations more transparent, we rewrite Eq. ͑4͒ explicitly for the left and right semiconductor regions:
The boundary conditions are imposed by the following requirements: the current conservation at the boundary and the continuity of spin polarization density at the boundary. They are
Solution of Eqs. ͑5͒ with boundary conditions ͑6͒ can be written in forms
where P ␦ (x) is a particular solution of Eq. ͑5a͒, given below, and ␣ i are the roots of the quadratic equation
The choice of the roots is defined by the boundary conditions at xϭϮϱ: ␣ 1 must be positive and ␣ 2 must be negative. The function P ␦ (x) can be easily found using the Fourier transform of Eq. ͑5a͒; it has the following form:
with A 1 ϭ(eE 1 /k B T)ͱD 1 s f 1 . The function P ␦ (x) gives the spin polarization density distribution created by the point source for an homogeneous semiconductor. Equation ͑8͒
shows that in the absence of electric field (A 1 ϭ0) the spin polarization density distribution is symmetrical around x ϭ0. Non-zero electric field leads to asymmetry of spin polarization density, which exponentially decays on the length scales of
called the down-stream and up-stream spin diffusion lengths. 31 Another consequence of the electric field is a decrease of spin polarization density at xϭ0 as 1/ͱA 1 2 ϩ4. Using boundary conditions ͑7͒, we calculate the coefficients B and C: We have obtained a good agreement between analytical and numerical results. The dependence of the peak value of the spin polarization density on the doping density is similar: the peak value of the spin polarization density increases as the doping density of the second semiconductor region increases. The peak value of the spin polarization density calculated analytically ͑without taking into account the effect of charge redistribution/ accumulation at the interface͒ is of the order of 20% higher in comparison with the peak value of the spin polarization density calculated numerically. Moreover, the effect of charge redistribution/accumulation at the interface results in the shift of the peak value of the spin polarization density from the interface for the distance of the order of the depletion layer width. 2 Let us consider in detail the coefficient C given by expression ͑9b͒. After a straightforward algebra, it can be rewritten in the following form:
It can be readily seen that P ␦ (Ϫx 0 ) in Eq. ͑10͒ is the value of C when two semiconductor regions have the same properties. Consequently, the factor before P ␦ (Ϫx 0 ) in Eq. ͑10͒ gives the change of the spin polarization density at the boundary due to the semiconductor mismatch. Since the numerator of the fraction in expression ͑10͒ is defined only by the properties of the first semiconductor, the maximum value of C corresponds to minimum of the denominator in Eq. ͑10͒. For the experimental situation depicted on Fig. 1 , the parameter A 1 is negative. Then, the peak value of the spin polarization density is maximal when
If conditions ͑11͒ are satisfied, the constant C takes the form
ͪ .
Moreover, if ͉A 1 ͉ӷ1, then CϭA 1 2 P ␦ (Ϫx 0 ). The peak value of the spin polarization density as a function of the doping level of the second semiconductor at selected values of the parameter D 2 1 /(D 1 2 ) is shown in Fig.  3 . The peak value of the spin polarization density increases with a decrease of D 2 1 /(D 1 2 ) and with an increase of n 2 . It is interesting to note that the sharp growth of the peak value of the spin polarization occurs at relatively small values of parameter n 2 /n 1 ͑in Fig. 3 for n 2 /n 1 р100). The subsequent growth of this parameter results in a relatively small increase of the peak value of the spin polarization density. 
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CONCLUSIONS
In conclusion, the propagation of spin-polarized electrons through an interface separating two different semiconductor regions was investigated analytically. We have obtained an explicit expression for the peak value of the spin polarization density in terms of the system parameters. To obtain a high level of the spin polarization density at the interface, it is necessary that both semiconductors have long electron spin relaxation times; the right semiconductor should have a small electron diffusion coefficient and a high doping level. The analytical results are in good agreement with results obtained numerically earlier. The formula for the peak value of the spin polarization density could be useful in engineering of spintronic devices.
